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length (dashed line in Fig. 2). Case D finally
shows the situation at high forward bias. Here
the substantial difference between our results
and the ones given earlier' becomes evident by
comparing our plots for case D with Fig. 3 of
Ref. 2.

The present examples selected from our cal-
culations demonstrate well the general features
of relaxation-case materials. Consequences for
the interpretation of measurements on amor-
phous materials will be discussed subsequently'
with particular reference to the range of validity
of the relaxation-case concepts.
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The hydrogen-deuterium exchange reaction takes place readily on a platinum single
crystal with high Miller index (997), but not detectably on a platinum single crystal of
low Miller index (111). The difference in reactivity is ascribed to the large density of
atomic steps present on the high-index surface that are responsible for the dissociation
of the diatomic molecules.

The dissociation of hydrogen on solid surfaces
is an initial step in many important surface reac-
tions. ' Hydrogen dissociation can be convenient-
ly studied by monitoring the hydrogen-deuterium
exchange reaction

H +D '"'"'-'2HD2+ 2

taking place in the presence of the surface. The
scattering of a mixed hydrogen-deuterium molec-
ular beam from the solid surface can be a partic-
ularly useful technique to investigate the surface-
dissociation mechanism of hydrogen.

Molecular-beam scattering studies have shown
that this exchange reaction takes place readily
on Ni(111) and Pt(111) oriented thin films. "
Classical studies have shown that the reaction
takes place readily on a va. riety of polycrystalline
solid surfaces. 4 On the other hand, the forma-
tion of HD, indicating hydrogen dissociation, was
not readily detected during molecular-beam scat-
tering studies from the (100) single crystal face

of platinum. ' It is apparent from these contradic-
tory results that the polycrystalline and thin-film
surfaces contain surface sites that are responsi-
ble for dissociation, while the single-crystal sur-
face does not. In order to verify the nature of
surface sites where dissociation of the hydrogen
molecules occurs, we have studied the hydrogen-
deuterium exchange on the (111) face of platinum
and on the (997) high —Miller-index face of plati-
num. This high-Miller-index face is character-
ized by an ordered arrangement of atomic steps
(of one atom height) separated by atomic terraces
of (ill) orientation and nine atoms wide. ' The
two crystal faces differ only in the density of
atomic steps.

A schematic diagram of the experimental ap-
paratus' is shown in Fig. 1. The incident molecu-
lar beam is modulated by a variable-frequency
chopper and then scattered from the crystal sur-
face, whose surface geometry and chemical com-
position are monitored by low-energy electron
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FIG. 1. Molecular-beam surface-scattering apparatus.

diffraction and Auger electron spectroscopy. The
crystal. surface is cleaned by heating in an ambi-
ent of 10 ' Torr 0, and is kept clean by operating
the scattering chamber at contaminating gas pres-
sures below 10 ' Torr. The species scattered or
desorbed from the surface are detected by'a quad-
rupole mass spectrometer as a function of angle
from the surface normal. The exchange reaction
is followed by measuring the modulated HD signal
as a function of scattering angle and surface tem-
perature by lock-in detection. The experiments
were performed both with a mixture of hydrogen
and deuterium in the incident beam, and also
with a pure deuterium beam scattered from the
crystal in a hydrogen ambient (-10 ' Torr). All
of the experiments reported here were from sur-
faces free of contamination as indicated by the
Auger spectra.

The scattering distributions of the reactants
(H, and D,) and the product (HD) are shown for
the two crystal faces in Fig. 2. The distribution
is broadened and has its maximum at the specu-
lar angle for hydrogen and deuterium from both
crystal surfaces. The scattering distribution is
much broader for the stepped surface than for
the (ill) surface, however, and the maximum in-
tensity at the specular angle is lower. No hydro-
gen deuteride signal was detected from the (111)
surface for any surface temperature between 300
and 1000'K or for any angle from the surface nor-

mal. Hydrogen deuteride is readily detected,
however, from the stepped surface over this tem-
perature range. The angular distribution of the
hydrogen deuteride leaving the stepped surface
is shown in Fig. 2(b) with the sca,le expanded.
The distribution is seen to be cosinelike. Integra-
tion of the deuterium and hydrogen deuteride an-
gular distributions indicates that between 5 and
10% of the incident deuterium beam is converted
to hydrogen deuteride at a surface temperature
of 1000'K.

In conclusion, we have detected the formation
of hydrogen deuteride on scattering mixed hydro-
gen-deuterium beams from the stepped surface
and on scattering deuterium from the stepped sur-
face in a hydrogen ambient. Under identical ex-
perimental conditions, no hydrogen deuteride was
seen to form at the (111) single-crystal surface.
The angular distribution of the hydrogen deuteride
desorbed from the stepped surface is cosinelike,
indicating that the hydrogen deuteride has come
to thermal equilibrium with the surface prior to
de sorption.

Studies of the exchange at modulation frequen-
cies as low as 40 Hz have shown large hydrogen-
deuteride phase lags. These studies, which are
still in progress, indicate that the hydrogen-deu-
teride molecule must have a surface lifetime of
the order of milliseconds.

The observation that hydrogen deuteride is
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FIG. 2. (a) Angular distribution of H& and D2 scattered from D+ (ill) . The arrow indicates the angle of incidence.
A schematic of the surface is shown above. (b) Angular distribution of H&, D& and HD scattered from the stepped
platinum crystal surface (schematic shown above). The HD distribution is shown with the scale expanded.

readily formed on the stepped surface and is not
detectable on the (ill) surface indicates that the

dissociation of hydrogen takes place at the atomic
steps on the surface. These results also explain

why hydrogen deuteride is formed readily on

polycrystalline and thin-film metal surfaces
while the exchange could not be readily detected
on low-Miller-index (low step density) single-
crystal surfaces. More experiments are under-

way to explore the detailed mechanism of the sur-
face exchange reaction.
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